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a  b  s  t  r  a  c  t

Brain–machine  interfaces  (BMIs)  can  be  adopted  to  rehabilitate  motor  systems  for  disabled  subjects
by  sensing  cortical  neuronal  activities  and  creating  new  method.  In  this  paper,  to  achieve  the  function
of  motor  rehabilitation,  two  generalized  BMI  frameworks,  including  decoders,  encoders  and  auxiliary
controllers,  are  proposed  and  compared  based  on  a  classical  single-joint  information  transmission  model.
Firstly, a  decoder  based  on the  Wiener  filter  and an encoder  based  on a network  of spiking  neurons
are  designed  to compensate  for the  absent  information  pathway,  and  a  charge-balanced  intra-cortical
microstimulation  current  is chosen  as  the input  of  the  spiking  neuron  network;  Secondly,  to formulate
closed-loop  BMI  frameworks,  two auxiliary  controllers  are  designed  according  to  the  strategy  of  model
predictive  control,  where  the controller  inputs  are  the  position  of  joint  muscle  trajectories  and  the average
firing  activity  trajectories  of  perceived  position  vector  neurons.  Thirdly,  considering  that  several  integer
parameters  are  included  in the  charge-balanced  intra-cortical  microstimulation  current  and  that  the

hotpaper.nethotpaper.net
optimization  problem  for  solving  the  control  inputs  also  includes  these  decision  variables,  a  particle
swarm  optimization  algorithm  is  adopted  to solve  the hard  optimization  problem.  We  compare  the  motor
recovery  effectiveness  of  the two  presented  frameworks  through  these  simulations  and  choose  the  better
framework  for future  BMI  system  design.  The  proposed  frameworks  provide  a important  theoretical
guidance  for designing  BMI  system  applied  in future  life.

©  2020  Elsevier  Ltd.  All  rights  reserved.
. Introduction

As an interactive system, a brain–machine interface (BMI) can
reate a new way and transmit the information from the brain to
xternal independent of the spinal cord and muscles [1–3]. In BMIs,
he cortical neuron activity is recorded and used to assist in the
aily life of disabled patients, restore their impaired motor tasks
nd so on [2–6]. A typical BMI  system (see Fig. 1) mainly consists of
he following components: the brain, a decoder, an encoder and an
xternal device (e.g., artificial arm) [1,7,8]. The decoder is used to
ecord the activities of cortical neurons and convert them for use by
n external device, and the encoder is used to convert the external
tate of the device to information that can be received by the brain.
Many studies on BMI-based devices with healthy subjects have
een extensively performed in the last two decades [2,3,5,9–11].
mong these studies, in open-loop BMI  systems, which do not use

∗ Corresponding author at: College of Safety Science and Engineering, Xi’an Uni-
ersity of Science and Technology, Xi’an 710054, China

E-mail address: 58111391@qq.com (J. Deng).

ttps://doi.org/10.1016/j.bspc.2020.101877
746-8094/© 2020 Elsevier Ltd. All rights reserved.
an encoder, the external device cannot track the desired trajec-
tory accurately [2,10,11]. The main reason for this is the lack of an
encoder, i.e., an information feedback pathway between the brain
and the external device [2,5,10,12]. Dangi and Sussillo tested the
position recovery effect of a BMI  system with an adaptive Kalman
filter-based decoder and with a recursive neural network-based
decoder in the presence of a feedback pathway, respectively. The
results showed that adding the feedback pathway can improve the
position recovery accuracy [13,14]. These results are also consistent
with those found in [2,10,15–17]. Furthermore, Orsborn et al. noted
that an auxiliary controller should be introduced to improve the
position recovery effect of a BMI  system because electroencephalo-
grams (EEGs) change during the time of joint movement [16]. This
is consistent with observations made in [2]. Hence, to develop
the next generation of BMIs, a systematic framework including an
encoder (feedback pathway) and an auxiliary controller is highly
imperative [2,18].
Encoders are typically designed to produce output as the aver-
age firing rate, a standard feature of neurons that has been used to
described the performance of cortical neurons for nearly 90 years
[19]. Using a spiking neuron network with many neurons to obtain

https://doi.org/10.1016/j.bspc.2020.101877
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2020.101877&domain=pdf
mailto:58111391@qq.com
https://doi.org/10.1016/j.bspc.2020.101877
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Fig. 2. The SJIT model (diagram redrawn from Fig. 1.1 in [31]).

Table 1
The abbreviations and full names in the SJIT model.

Abbreviation Full name

DVV Desired velocity vector
OPV Outflow position vector
OFPV Outflow force and position vector
SFV Static force vector
IFV Inertial force vector
PPV Perceived position vector

hotpaper.nethotpaper.net
Fig. 1. The closed-loop BMI  system.

nformation about brain activity is more meaningful and effective
han using a single neuron [19,20]. When current stimulates the
euron network, each neuron receives the same current and starts
ring, and the network can provide the average firing rate to the
rain and feedback the external information. In this paper, a spiking
euron network is adopted to design the encoder and acquire the
verage firing rate. Furthermore, intra-cortical micro-stimulation
ICMS) (as the encoder input) has been regarded as a potential
echnology to offer artificial sensation to the brain [10,21–23]. This
echnology has been widely used in many fields, such as vestibular
rosthesis [17], cochlear implants [24], retinal prosthesis [25] and
MIs [1,26]. In this paper, this technology is used to generate the
timulating current.

In this paper, model predictive control (MPC) is chosen to
esign the auxiliary controller because of the following advantages
27–29]: (1) its performance indicators can be flexibly selected to
ompensate for the cost function and to optimize performance by
eceding horizon optimization; (2) both the system model and con-
traints can be taken into account and processed in an optimization
roblem; (3) the stability, robustness and other qualities achieved

n MPC  can be conveniently extended to the analysis of closed-loop
MI  systems. Then, we can formulate the closed-loop framework
sing the above chosen auxiliary controller. The formulation of
losed framework is very important, because (1) it can provide nec-
ssary guidance for the subsequent design of a BMI  system and is
onducive to solving the problem of poor compatibility among var-
ous parts of the BMI; (2) it can allow the theoretical analysis of the
tability, robustness and uncertainty caused by data transmission
elays or model mismatches. Hence, based on the decoder, spiking
euron network encoder, MPC  auxiliary controller, two closed-loop

rameworks are formulated in this paper.
The main contributions of this paper are as follows. First, an

ncoder based on ICMS technology and a spiking neuron network is
esigned to deliver the states of the external devices to the brain; a
iener filter-based decoder designed in our previous work is intro-

uced to compensate for the information pathway from the brain to
he external device [30]. Second, two closed-loop frameworks are
ormulated based on the decoder, the encoder, and auxiliary con-
rollers. Note that the difference between these two  frameworks is
he inputs of auxiliary controllers: one is the position trajectories
f joint muscles, and the other is the average firing activity trajec-
ories of perceived position vector neurons. Third, the ICMS current
ontains several integer parameters that are also decision variables
or the designed optimization problems, which make the optimiza-
ion problems difficult to solve, hence, a heuristic population-based
earch algorithm, particle swarm optimization (PSO), is used to

olve the optimization problems from the two frameworks. In addi-
ion, the motor rehabilitation effectiveness comparison of these
wo frameworks is given, and the second designed BMI  frame-
ork can recover the motor function of the joint much better than
DV  Difference vector
TPV Target position vector

that of the first framework. The proposed frameworks provide an
important theoretical guidance for designing BMI  system applied
in future life.

2. SJIT model

Bullock et al. proposed a single-joint information transmission
(SJIT) model shown in Fig. 2 [31]. This model shows the essential
cortical pathways for voluntary single-joint movement.

Here, we  briefly introduce the SJIT model; the related abbrevia-
tions and their full names are shown in Table 1. In the whole process
of joint motion, the “DV” neurons calculate the difference vector
between the perceived joint position from the “PPV” neurons and
the target joint position from the nerve centre continuously. The
activity of the “DV” neurons can be described by:

ri(t) = max{Ti − xi(t) + Br, 0}, (1)

where t is continuous time, 0 ≤ ri(t) ≤ 1 is the average firing activity
of the neurons related to agonist muscle i, Br represents the baseline
firing activity of these neurons, xi(t) is the average firing activity of
the “PPV” neurons, and Ti is the average firing activity of the “TPV”
neurons. Note that the subscript i in this paper indicates the activity
related to agonist muscle i, and the subscript j indicates the activity
related to antagonist muscle throughout this paper.

The computed difference vector is transmitted to the “DVV”
neurons. The activity of the “DVV” neurons can be described by

ui(t) = max{g(t).(ri(t) − rj(t) + Bu, 0}, (2)

where ui(t) is the average firing rate of these neurons, Bu shows the
baseline firing activity of these neurons, and g(t) represents the

“GO” signal in Fig. 2. GO signal is generated from the basal ganglia,
can control the magnitude of the “DVV” vector without altering its
direction, and thus can be used to scale the velocity of movement

hotpaper.net
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31]. The “GO” signal does not change suddenly, and a two-step
ellular cascade is used to show the dynamics of it,

dg1(t)
dt

= �(−g1(t) + (C − g1(t))g0), (3a)

dg2(t)
dt

= �(−g2(t) + (C − g2(t))g1(t)), (3b)

(t) = g0 g
2(t)
C
, (3c)

here � is a constant that represents slow integration, C is the sat-
ration value, and g0 is a constant from a forebrain decision center,
hich can determine the magnitude of the “GO” signal.

“OPV” is related to the tonic neurons and shows the outflow
osition. The activity of the “OPV” neurons can be described by

dyi(t)
dt

= (1 − yi(t))(�xi(t) + max{ui(t) − uj(t), 0})

−yi(t)(�xj(t) + max{uj(t) − ui(t), 0}),
(4)

here yi(t) is the average firing rate of the “OPV” neurons and � is
 scaling factor.

Static (�S
i

(t)) and dynamic (�D
i

(t)) gamma  motoneurons are used
o convey the commands from the brain to the joint. The activity of
hese motoneurons can be described by

S
i (t) = yi(t), (5a)

D
i (t) = � max{ui(t) − uj(t), 0}, (5b)

here � is a scaling parameter.
The primary (“Ia”) and secondary (“II”) muscle spindle afferents

re used to convey joint position information to the “PPV” neurons,
hich can be modeled as:

s1
i
(t) = S(� max{�S

i
(t) − pi(t), 0} + � max{�D

i
(t)

−dpi(t)
dt

,  0}),
(6a)

2
i (t) = S(� max{�Si (t) − pi(t), 0}), (6b)

here s1
i
(t) is the average firing activity of the primary spindle affer-

nts, s2
i
(t) is the average firing activity of the secondary spindle

fferents, pi(t) is the agonist muscle position, � represents the sen-
itivity of the nuclear chain fibres and the static nuclear bag fibres,

 represents the sensitivity of the dynamic nuclear bag fibres, and
(ω) = ω/(1 + 100ω2).

The activity of the “PPV” neurons can be described by

dxi(t)
dt

= (1 − xi(t)) max{	yi(t) + s1
j
(t − 
) − s1

i
(t − 
),

0} − xi(t) max{	yj(t) + s1
i
(t − 
) − s1

j
(t − 
), 0},

(7)

here 	 represents the constant gain and 
 represents the delay
ime of spindle feedback.

The activity of the “IFV” neurons and the “SFV” neurons can be
escribed by

i(t) = �i max{s1i (t − 
) − s2i (t − 
) − �,  0}, (8)

dfi(t)
dt

= (1 − fi(t))hs
1
i (t − 
) −  fi(t)(fj(t) + s1j (t − 
)), (9)

here qi(t) is the average firing rate of the “IFV” neurons and fi(t)
s the average firing rate of the “SFV” neurons, � represents a con-
tant threshold, h controls the speed and strength of an external
oad compensation, and   is a parameter scaling by the antagonist

omponent. The “OFPV” neurons provide a phasic-tonic activity and
an be described by

i(t) = yi(t) + qi(t) + fi(t), (10)
Fig. 3. Designed framework 1.

where ai(t) is the average firing activity of the “OFPV” neurons. The
alpha motoneurons can be modeled as

˛i(t) = ai(t) + ıs1i (t), (11)

where ˛i(t) is the average firing rate of the alpha motoneurons and
ı represents the stretch reflex gain.

The joint dynamics can be described by

d2pi(t)
dt2

= 1
I

(
M(t) + Ei − V

dpi(t)
dt

)
, (12)

where M(t) = max{ci(t) − pi(t), 0} − max{cj(t) − pj(t), 0} is the
generated total force of the muscles, pi(t) + pj(t) = 1, I represents
the joint inertia moment, V represents the viscosity of the joint,
and Ei represents the external force imposed on the joint. ci(t) rep-
resents the activity of muscle contraction and can be described
by

dci(t)
dt

= �(−ci(t) + ˛i(t)), (13)

where � is the contraction rate of the muscles.

3. Two closed-loop BMI  frameworks

As shown in Fig. 2, the command from the brain can be deliv-
ered to the joint through the spinal cord circuit; the “PPV” neurons
receive proprioceptive feedback (II, Ia) information and perceive
the present position of the joint. In a BMI  framework, these two
information pathways should be compensated. In our previous
work, a decoder based on the Wiener filter was designed to com-
pensate for the absence of a spinal cord circuit (see [30]). In this
work, a spiking neuron network and ICMS-current technology are
used to compensate for the absent proprioceptive feedback infor-
mation. Then, two  closed-loop BMI  frameworks are formulated
based on the decoder, a spiking neuron network (encoder), ICMS-
current technology, and an auxiliary controller (see Figs. 3 and 4).

3.1. Decoder design

The Wiener filter-based decoder is briefly reviewed here. This
decoder is trained by a data driven method, and the sampling time
Ts is chosen as 30 ms  to obtain the training data set. See Section 3
in [30] for details.

It can be assumed that the relationship between the total force
and firing rate of cerebral cortex neurons is as follows:
M(k) =
L−1∑
l=0

N∑
m=1

zm(k − l)wml (14)

hotpaper.net
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Fig. 4. Designed framework 2.

here k = 1, 2, . . . is discrete time, M(k) and z(k) are the recorded
M and the average firing rate of neurons at time k, respectively, L

s the discrete delay time, m is the index of the neuron population,
 is the number of recorded neuron populations, and wml is the
eight. The vector form of (14) is

M(k) = wTz(k) (15)

here w is the weight matrix with dimensions L × N ×
, and z(k) = [z1(k), z1(k − 1),  z1(k − L + 1),  z2(k), z2(k1), z2(k − L +
), . . .,  zN(k − L + 1)]. We  set N = 6, L = 10, z1 = yi, z2 = yj, z3 =
i, z4 = uj, z5 = ai, and z6 = aj in this work.

.2. Charge-balanced biphasic ICMS current

In the charge-balanced biphasic ICMS current, the injected pos-
tive charge is equal to the negative charge. To reduce the damage
f external stimulation to the brain, charge-balanced biphasic ICMS
urrent is used to transfer information to the brain in this paper. The
urrent is shown in the left plot of Fig. 5, where a1w2 + a2w3 = 0.
he relevant parameters of the current can be obtained by the
uxiliary controller when the closed loop is formulated later. The
ampling time of the auxiliary controller is Ts ms.  To reduce the
omplexity of the optimization problem (20), only one biphasic
CMS current is considered over one sampling period in this paper,
.e., Tb =

∑4
ln=1wln = Ts ms.

.3. Network of spiking neurons (encoder) design
Because the “PPV” neurons cannot receive the ICMS current
irectly, to convert the biphasic ICMS current into the average firing
ate that can be received by the “PPV” neurons, an encoder based
n a spiking neuron network is used in this paper (see Fig. 5). Each

Fig. 5. The process of encod
rocessing and Control 58 (2020) 101877

neuron in the network receives two types of currents, i.e., the ICMS
current and the synaptic current Is

in
(t). An integrate-and-fire (IF)

model is used to represent each neuron in the network [19]. In the
IF model,


m
dvin (t)

dt
= −vin (t) + RIin (t), (16)

where the subscript in indicates the inth neuron, vin (t) denotes the
membrane potential, 
m is a time constant, Iin (t) is the received cur-
rent, and R is the membrane resistance. vin is reset to vr whenever
vin exceeds the constant firing threshold vth, and the firing rate of
the neuron is the number of times that vin exceeds vth over a unit
of time. The output of the network is the average firing rate rc of all
neurons in the network.

The total synaptic current Is
in

(t) to the inth neuron can be mod-
eled as:

Isin (t) = −gin (t)(vin (t) − ς), (17)

where ς is the excitatory membrane reversal potential and gin (t) ≥
0 is the synaptic conductance, which can be modeled as:

gin (t) =
Nneu∑

jn /=  in=1

∑
fn

wjnF(t − tfnjn ), (18)

where Nneu represents the number of presynaptic neurons, wjn is
synaptic weight between the jnth presynaptic neuron and the inth
post-synaptic neuron, tfn

jn
is the time at which the fnth incoming

action potential arrives from the jnth presynaptic neuron to the inth
post-synaptic neuron, F is a function of t − tfn

jn
, which represents the

stereotypical time course of postsynaptic conductances following
presynaptic spikes and can be described by

F(t − tfnjn ) = qjn

jn

(t − tfnjn ) exp

(
−
t − tfn

jn


jn

)
	(t  − tfnjn ), (19)

where qjn is the maximum conductance from the jnth neuron, 
jn
is the synaptic time constant, and 	(t  − tfn

jn
) is the Heavside step

function.

3.4. Auxiliary controller design

In the two closed-loop frameworks shown in Figs. 3 and 4, the
auxiliary model predictive controllers are used to design the arti-
ficial feedback pathways by determining the parameters of the
biphasic ICMS current. Note that, in framework 1, the inputs of
the auxiliary controller are the position of the joint muscle, and in

hotpaper.nethotpaper.net
framework 2, the inputs of the auxiliary controller are the average
firing activity trajectories of the perceived position vector neurons.

For the auxiliary controller based on the MPC  strategy, suitable
predicted future outputs O(k + m + 1 | k) (m = 0, 1, 2, . . .,  Np − 1)

ing the ICMS current.

hotpaper.net


gnal P

a
i
a
e
a
p

i

a

s

T

a

a

a

w
J

f
i

i
t
d

t
a
fi
fi
a
(

r
n
a

4

i
t
w

i
p
t
v
n
a

X

w
r
c

H. Pan, W.  Mi,  X. Lei et al. / Biomedical Si

nd the corresponding Nc control inputs can be found by minimiz-
ng the cost function Jp(k) at each sampling time k; here, Nc and Np
re the control horizon and predictive horizon, respectively. How-
ver, only the first control input can be applied in the actual system
t this sampling time. At sampling time k + 1, the optimization
roblem is solved again according to the new state [32].

For framework 1 (Fig. 3), the optimization problem of the aux-
liary model predictive controller is formulated as follows:

min
1(k+lt |k),a2(k+lt |k),wln (k+lt |k)

Jp(k) (20a)

.t.(1) − (10), (12), (14), (16) − −(19), (20b)

s =
4∑
ln=1

wln (k + lt |k), (20c)

1(k + lt |k)w2(k + lt |k) + a2(k + lt |k)w3(k + lt |k) = 0, (20d)

1(k + lt |k) ∈ [0 a], (20e)

2(k + lt |k) ∈ [a 0],  (20f)

here lt ∈ {0, 1, . . .,  Nc − 1}, ln ∈ {1, 2, 3, 4}, a = −a = 10,  000,

p(k) =
∑Np−1

m=0 (O(k + m + 1 | k) − R(k + m + 1 | k))2 is the cost
unction, O( · ) is the predicted future position of agonist muscle i,
.e., pi( · ), and R( · ) represents the desired position trajectory.

Note that in optimization problem (20), the continuous time t
n (1)–(10), (12), and (16)–(19) can be transformed into discrete
ime k through a sampling operation with sampling time Ts; more
etails can be found in our previous work [30].

For framework 2 (Fig. 4), the form of the formulated optimiza-
ion problem and the meaning of parameters Nc , Np, Ts, lt , ln, a, −a
re the same as in (20). However, in Jp(k), O( · ) is the really average
ring activity of the “PPV” neurons, and R( · ) is the desired average
ring activity of the “PPV” neurons. The desired position trajectory
nd firing activity trajectory are obtained by the SJIT model (i.e.,
1)–(13)).

When the decision variables are solved, the biphasic ICMS cur-
ent can be generated. The current is then delivered to the spiking
euron network, converted into the average firing rate rc , and then
pplied to the “PPV” neurons, i.e., (7) is replaced by (21),

dxi(t)
dt

= (1 − xi(t)) max{	yi(t) − rc, 0}

−xi(t) max{	yj(t) + rc, 0}.
(21)

. Solving the optimization problems

Both optimization problems in the designed frameworks have
nteger decision variables. Hence, for the purpose of solving these
wo optimization problems, the PSO algorithm is adopted in this
ork.

A brief introduction of the PSO is given as follows [33]. An
ndividual particle S′ (S′ ∈ {1, 2, . . .,  S′

n}) consists of three parts: a
osition vector (XS′ = {XS′1, XS′2, . . .,  XS′Dn }), a best position vector
hat is determined individually (PS′ = {PS′1, PS′2, . . .,  PS′Dn }), and a
elocity vector (VS′ = {VS′1, VS′2, . . .,  VS′Dn }). Here, Dn indicates the
umber of dimensions. The update rules for the particle position
nd velocity in each dimension are as follows:

VS′D(k′ + 1) = ω(k′)VS′D(k′) + Cpε1(k′)(PS′D(k′)

−XS′D(k′)) + Cpε2(k′)(PgD(k′) − XS′D(k′)),
(22)

′ ′ ′

S′D(k + 1) = XS′D(k ) + VS′D(k + 1),  (23)

here k′ is the iteration; ε1 and ε2 are two unique parameters
andomly generated in (0,  1) in each update; Cp is a positive
onstant (set to 2 in this paper); D ∈ {1, . . .,  Dn}; and Pg(k′) =
rocessing and Control 58 (2020) 101877 5

{Pg1(k′), Pg2(k′), . . .,  PgDn (k′)} is a vector which indicates the global
best position at k′.

In this work, the biphasic current can be determined by 6
parameters, i.e., a1, a2 and w1, w2, w3, w4. However, considering∑4

ln=1wln = Ts and a1w2 + a2w3 = 0, the biphasic current only has 4
degrees of freedom. Here, we chose a1, w1, w2, w3 as the operating
variables, i.e., the optimization problem (20) includes 4 × Nc inde-
pendent decision variables. When the PSO algorithm is adopted to
solve the designed optimization problems, the particle position XS′D
is a vector composed of a1, w1, w2, w3. The particle fitness function
is equal to Jp(k) at each k. The update rule for ω(k′) is

ω(k′) = 0.2 + k′ 1.8 − 0.2
K ′

max
, (24)

where K ′
max is the maximum number of iterations.

It should be noted that in the process of updating the particles,
the constraints in the optimization problem (20) may be seriously
violated. To solve this problem, w1, w2, w3, w4 are set as positive
integer variables, and an algorithm is designed in this paper to
ensure that the particles satisfy the constraints in optimization
problem (20).

Algorithm 1. (Constraint-update algorithm)

(1) if k′ = 1, for each particle S′ satisfying (20e) and (20f), gener-
ate particle position XS′ = (a1, w1, w2, w3) randomly; if k′ > 1,
update the position of the particle (a1, w1, w2, w3);

(2) confirm a1: if a1 satisfies (20e), hold it; else, let a1 be equal to
the nearer bound;

(3) confirm w2: according to (20c) and (20f), w3 ≥ a1w2
10,000 , w3 ≤

30 − w2 and w2 ≥ 0; then, w2 ∈
[
0 30×10,000

10,000+a1

]
can be obtained.

Because w2 is an integer, the constraint above should be
changed to w2 ∈

[
0 int

(
30×10,000
10,000+a1

)]
(where int( · ) means near-

est integer). If w2 satisfies this constraint, let w2 = int(w2); else,
let w2 be equal to the nearer bound;

(4) confirm w3: similar to the last step, w3 ∈ [int
(
a1w2

10,000

)
30 −

w2]. If w3 satisfies this constraint, let w3 = int(w3); else, let w3
be equal to the nearer bound;

(5) confirm w1: according to (20c), w1 ∈ [0 30 − w2 − w3], if w1
satisfies this constraint, hold it; else, let w1 be equal to the
nearer bound.

To clearly explain the working process of the two  designed BMI
frameworks, the overall algorithm of these frameworks is given as
follows.

Algorithm 2. (Overall algorithm) Off-line stage,

(1) choose the parameters in the BMI  frameworks and then acquire
the desired trajectories R( · ) by (1)–(13);

(2) provide the values of a, a and Ts in the biphasic waveform of the
charge-balanced ICMS current;

(3) provide the iteration step K ′
max and particle number S′

n;
(4) choose the simulation step Kmax;

(1) provide an initial particle position XS′ (S′ = 1, 2, . . .,  S′
n) satisfy-

ing (20c)–(20f);
(2) if k′ = 1, choose the prediction and control horizons Np and Nc ,

calculate O(k | k), O(k + 1 | k), . . .,  O(k + Np − 1 | k) and Jp(k) for
each XS′ , update PS′ (k′) and Pg(k′), and skip to 5);

hotpaper.nethotpaper.net
(3) update XS′ (k′) and ω(k′) through (22)–(24);
(4) choose the prediction and control horizons Np and Nc , calculate

O(k | k), O(k + 1 | k), . . .,  O(k + Np − 1 | k) and Jp(k) for each X ′
S ,

and update P ′
S(k

′) and Pg(k′);
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Fig. 6. The trajectories o

5) if k′ = K ′
max, the control input (i.e., the charge-balanced biphasic

ICMS current{a1, a2, w1, w2, w3, w4}) is equal to Pg(k′); if not,
k′ = k′ + 1 and return to 2);

6) if k > Kmax, impose the control input (i.e.,
{a1, a2, w1, w2, w3, w4}), calculate the system output, and
stop; if not, k = k + 1 and return to (1);

emark 1. During the tracking process, the position trajectory of
he joint includes a rising stage and a stable stage. These two  stages
an be observed in the desired position trajectory R( · ). In the first
80 ms,  the joint position is as the rising stage; after 480 ms,  the

oint position is as the stable stage. The controller parameters Np
nd Nc are chosen online.

. Simulation results and further discussion

In this section, a series of simulations are designed to test
nd compare the two proposed frameworks. The sampling time
s was chosen as 30 ms.  The initial values of variables are set as
ollows: yi(0) = yj(0) = 0.5, xi(0) = xj(0) = 0.5, pi(0) = pj(0) = 0.5,
i(0) = uj(0) = Bu, ri(0) = rj(0) = Br . Except for these, the initial
alues of other variables are all set to 0. The parameters in these
wo frameworks are set as follows: I = 200, V = 10, � = 0.15,
r = 0.1, Bu = 0.01, 	 = 0.5, � = 0.5, � = 1, � = 0.7, � = 0.04,
1 = 150, �2 = 10, � = 0.001, ı = 0.1, C = 25, � = 0.05,   = 4,

 = 0.01, 
 = 0 [31]. Sn = 96, K ′
max = 30, Kmax = 49. As mentioned

n Remark 1, the position trajectory of the joint has a rising
tage and a stable stage; for the rising stage, Np = 6, Nc = 3,
nd for the stable stage, Np = 30, Nc = 15. In the spiking neu-
on network, we set Nneu = 3, 
m = 10 ms,  R = 0.04, vr = 65 mV,
th = 45 mV,  ς = 0. qjn (jn = 1, 2, 3) for the agonist population and

he antagonist population are set to {16.9610, 17.7975, 16.2787},
nd {17.8244, 13.7881, 17.8530}, respectively. Similarly,
he 
jn (jn = 1, 2, 3) for these two populations are set to
5.1071, 7.5474, 7.8020} and {5.8355, 6.6406, 7.8725}, respec-
i, ai, xi in framework 1.

tively. The weight matrices between the neurons are the same
as those in [34]. Specifically, for the agonist population, the

weight matrix is chosen as

(
0 0.9572 0.1419

0.1576 0 0.4218
0.9706 0.8003 0

)
. For

the antagonist population, the weight matrix is chosen as(
0 0.1419 0.7922

0.4854 0 0.9595
0.8083 0.9157 0

)
.

5.1. Simulation results

Figs. 6–9 shows the simulation results. As shown in Fig. 6, in
framework 1, the average firing activities of the cerebral cortex
neurons during the control process are significantly different from
the natural activities acquired by the SJIT model. In Fig. 7, it can
be seen that position output pi(t) of framework 1 cannot track the
trajectory acquired from the SJIT model well; similarly, the veloc-
ity output cannot be tracked well either. Hence, framework 1 is not
sufficient to recover the motor function of the artificial arm.

As shown in Fig. 8, in framework 2, the position tracking perfor-
mance and average firing activities of the cerebral cortex neurons
are much better than those in framework 1, although there are still
some errors between the actual firing activity and the firing activity
acquired by the SJIT model. In Fig. 9, it can be seen that framework 2
can track the position trajectory acquired from the SJIT model well;
similarly, the velocity output can be recovered much better than by
framework 1.

To compare the two frameworks, the sum of squares errors
(SSEs) between the position trajectory of the SJIT model and the
position output of the frameworks are used as evaluation criteria.

The SSEs are shown in Table 2, and we  can see that the conclusion
from Table 2 is the same as that from Fig. 9, i.e., BMI framework
2 can recover the motor function of the joint much better than
framework 1.

hotpaper.net
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Fig. 7. The trajectories of pi,
dpi (t)

dt in framework 1.

Fig. 8. The trajectories of ui, yi, ai, xi in framework 2.

Table 2
The SSEs of framework 1 and framework 2.

ui yi ai xi pi dpi

Framework 1 0.4723 0.4129 0.4654 4.8877 0.0031 3.1043 × 10−5

Framework 2 0.0095 0.0117 0.1457 0.0525 0.0007 8.6700 × 10−6

hotpaper.nethotpaper.net
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Fig. 9. The trajectories

.2. Further discussion

Two frameworks based on the decoder, encoder, MPC-based
uxiliary controllers are designed and compared in this paper.
hese two frameworks reconstruct the communication pathways
etween the brain and external device, and add auxiliary con-
rollers, hence, they can give the guidance of the design of BMI
ystem in the future. The reason for better performance of frame-
ork 2 and the discussion on the framework flexibility are analyzed

n (1) and (2) as follows. There are also some limitations in the two
esigned frameworks, such as the existing of optimization prob-

em bring lots of online computation burden, and the preliminary
mprovement in future work is show in (3).

1) Reason for better performance. The only difference between
the two designed frameworks is the inputs of the auxiliary
controllers. The inputs to framework 2 are the average firing
activity of the PPV neurons, and its tracking performance is
much better than that of framework 1. The reason for this is
that the average firing rate of the “PPV” neurons is correlated
with the average firing activities ai, aj , ui, uj , yi, and yj directly.
The accurate tracking of the average firing rate of the “PPV”
neurons can improve the recovery effectiveness of ai, aj , ui, uj ,
yi, and yj , and naturally, the position of the joint muscle can be
recovered more accurately (see Fig. 5).

2) Framework flexibility. In this work, we use a decoder based
on the Wiener filter, an MPC  controller and a spiking neuron
network to formulate the closed-loop BMI  frameworks. Note
that, as closed-loop frameworks, they have obvious advantages,
i.e., the decoder, auxiliary controller, and encoder can be flexi-
bly replaced by other components with similar functions, and
then various BMI  systems can be designed according to the two
frameworks.

3) Algorithm complexity simplification. Because the PSO algo-

rithm is adopted to solve the two optimization problems
in the designed frameworks, the online computational com-
plexity will be increased and the system running speed
will be slowed down. This problem can be solved through
dpi (t)
dt in framework 2.

the “offline optimization and online table lookup” strat-
egy proposed in [35]. According to this strategy, we  can
offline formulate a lookup table first, in which the decision
variables{a1, a2, w1, w2, w3, w4} at k and Jp(k) have one-to-
one corresponding relations. Then, when the system is online
running, we can search the lookup table to find the minimum
of Jp(k) and the corresponding {a1, a2, w1, w2, w3, w4}, then
apply them to the frameworks. This strategy can significantly
decrease the online computational burden.

6. Conclusions

In this paper, two closed-loop BMI  frameworks are formulated
based on a Wiener filter-based decoder, an MPC  controller, a spik-
ing neuron network-based encoder, and ICMS current technology.
Specifically, the Wiener filter-based decoder is introduced to con-
vert commands from the brain to the external device, the encoder
and ICMS current are designed to feedback the state of the external
device to the brain, and the auxiliary controller based on an MPC
strategy is used to calculate the parameters of the ICMS current.
The results of a simulation show that the designed BMI  framework
2 can recover the motor function of the joint much better than
framework 1.
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